biosolids). Semi-permeable membrane devices (SPMDs) were also installed for the duration of 20 the experiment, the first time that SPMDs have been used to measure PBDEs in a WWTP. Over 21 99% of the PBDEs entering the WWTP were removed through the treatment process, principally 22 by sedimentation. The main congeners detected were BDE 47, 99 and 209, which are 23 characteristic of the two major commercial formulations viz pentaBDE, and decaBDE. All the 24 PBDE congeners measured were highly correlated with each other, suggesting a similar origin. In 25 this case, the PBDEs are thought to be from domestic sources since domestic wastewater is the 26 main contribution to the inflow. The lower brominated PBDE congeners demonstrated a greater 27 solubility than the higher ones, which reflects increasing K OW with increasing bromination. The 28 mean concentration of ΣPBDEs (defined as the sum of all targeted PBDEs) in chemically 29 stabilized sewage sludge (biosolids) was 300 µg kg -1 dry weight, which is likely to be the 30 minimum PBDE burden for all Australia sewage sludge. This corresponds to at least 110 kg of 31
PBDEs contaminating Australian sewage sludge annually. It is estimated that 6.5 to 9.9 kg of 32 PBDEs are disposed of each year with biosolids generated from Subiaco WWTP. Less than 10 g 33 are released annually into the environment via ocean outfall and field irrigation and this level of 34 contamination is unlikely to pose risk to humans or the environment. The release of treated 35 effluent is not considered a large source of PBDE environmental emissions compared to biosolids 36 or landfill. (Hale, 2001 ). BDE209, the primary congeners of the decaBDE formulation, is 54 consistently the main PBDE congeners present in sewage sludge. In national sewage sludge 55 surveys BDE 209 concentrations are highly variable, suggesting industrial and domestic sources 56 (Fabrellas et al., 2004 , Clarke et al., 2008b The aim of this research is to measure the concentration of common PBDEs through an activated 93 sludge WWTP process (using active and passive sampling techniques) and quantify the amount of 94
PBDEs released into the environment via secondary effluent, tertiary effluent and sewage sludge. 95
METHOD

96
The experiment was conducted at an Australian WWTP, located in the city of Perth, Australia, 97 which has a population of approximately one and a half million people. It is a conventional 98 activated sludge treatment system that treats approximately 60 ML of water daily that derives 99 primarily from domestic (~95%) sources, with a small contribution from industrial sources 100 (~5%). Passive samplers were installed in the WWTP for 29 days and grab samples were 101 collected on three occasions during this sampling period. PBDEs were quantified using isotope 102 dilution internal standard high-resolution gas chromatography/high resolution mass spectrometry 103 (HRGC/HRMS Volume of final effluent is greater than raw water due to the addition of flocculants). . 115
Semi-Permeable Membrane Device Deployment 116
Five semi-permeable membrane devices (SPMDs) were deployed for 29 days at the WWTP, 117 located in the raw water (PS1), primary effluent (PS2), secondary effluent (PS3) and tertiary 118 effluent (PS4a, PS4b) channels. They were regularly checked for interfering materials. A field 119 blank and laboratory blank were completed for quality control purposes. 120
Sample Treatment
121
Grab samples 122
Freeze-dried sludge samples (20.0 g) were spiked with 10 µL of mixed 13 C 12 PBDE surrogate 123 standards and were extracted into toluene using accelerated solvent extraction (Dionex Model 124 ASE 100). Effluents (1 L) were extracted into hexane using liquid-liquid extraction. The extracts 125 were concentrated using a BÜCHI Syncore® Analyst (BÜCHI Labortechnik AG, Flawil, 126 Switzerland), which was used for removing various solvents throughout the extract cleanup 127 process. The concentrated extract was solvent-exchanged into hexane and then subsequently 128 treated with concentrated sulfuric acid for destructive removal of organic material. The extract 129 was then treated for inorganic and organic sulfur by activated copper and silver nitrate clean-up 130 techniques, respectively. A commercial automated clean-up procedure (PowerPrep™ by Fluid  131 Management Systems, Waltham, MA, USA) that employs acid and base modified silica gels and 132 basic alumina column chromatography was used to remove interferences from the sample extract 133 and produce a cleaned up final extract. Extracts were concentrated to dryness under nitrogen and 134 made up to 40 µL with a PBDE internal standard. Analyses were undertaken for PBDEs and 135
PBBs using isotope dilution high-resolution gas chromatography -electron ionisation -high-136 resolution mass spectrometry, with monitoring of the following ions: 137 
& Extraction 142
SPMDs were prepared from lay-flat low-density polyethylene (LDPE) tubing (purchased from 143
Brentwood Plastics, MO, USA) of size 105 cm long, 3.0 cm wide, wall thickness 0.003 cm. The 144 tubing was pre-extracted two times by soaking overnight in hexane and then dried under nitrogen. 145 1 mL of triolein (Sigma Glyceryl Trioleate T7140 ≥ 99%) containing PAH performance reference 146 compounds (Wellington Labs PAH-LCS-A deuterated surrogate) was added prior to the SPMD 147 being heat-sealed. Air bubbles were removed with a short pasteur pipette and triolein spread 148 along the tube, no further than 91.4 cm, where it was again sealed. Three SPMDs were looped 149 into a cage for deployment. 150
After deployment, SPMDs were first wiped with a white KimwipeTM and rinsed under a tap to 151 remove surface material. The SPMDs were submerged in hexane for 30 s, followed by 1M HCl 152 for 30 s, rinsed clean with milli-q water, acetone and 2-propanol. Once cleaned, the SPMDs were 153 extracted into 400 mL hexane for 8 to 18 h and then re-extracted in hexane for a further 6 h. The 154 solvent was removed and exchanged with dichloromethane. The extract was passed through a 155 0.45 µm filter, followed by treatment with gel-permeation chromatography (GPC). 2mL of 156 sample was eluted from a multi column GPC system (Waters Envirogel™ columns, 4.6mm x 30 157 mm guard -19 mm x 150 mm -19mm x 300 mm, 100 Å pore size, 10 µm nominal particle size) 158 with dichloromethane at 5 mL min were consistent throughout the WWTP (Figure 3) . The concentrations of PBDEs were always 232 lower in the secondary and tertiary treated effluents compared to the raw water and primary 233 effluent. This may be because of the reduction in SS and also many congeners were not detected, 234 possibly because the limit of detection was inadequate. An analysis of variance was performed 235 (ANOVA) on each of the congeners to compare differences between the concentrations of PBDE 236 congeners in effluents (raw and primary only) and sludges. The concentration of BDE47 is 237 statistically significantly higher in the effluents compared to the sludges (P=0.034), which was 238 not observed for BDE99 (P=0.118) or BDE209 (P=0.410). The ΣPBDE concentration was also 239 found to have the highest concentration in the primary effluent, however there was no statistically 240 significant difference observed between effluents and sludges (p = 0.608). Covariance PCA again 241
showed that BDE47&99 and 209 explain >98% of the sample variation, 24% and 74% 242 respectively. Both the correlation PCA and covariance PCA demonstrates that there is a 243 similarity between the PBDE concentration patterns in all samples; with the exception of samples 244 A2, C2 and C6 (Figure 2a) . Also, PBDE congeners were largely correlated between the penta-245 BDE and deca-BDE formulations (Figure 2b) . 246
The concentration of BDE47 is highest is the primary effluent which suggests that this compound 247
is not only associated with the SS but is also dissolved in the aqueous phase to a small extent. 248 This is in contrast to BDE209 that is preferentially partitioning to the SS and sludges with the 249 highest mean concentration observed in the primary sludge. The ratio of BDE47:BDE99 found in 250 the pentaBDE commercial formulation is reported to be 0.95:1 (Sjödin et al., 1998) . This is in 251 contrast to the ratio that was found in the raw and primary effluent with BDE47 consistently 252 higher in concentration than BDE99, with average ratios of 1.06:1 and 1.18:1 respectively. 253 BDE47 is dissolved in the aqueous phase of the raw and primary effluent due to a lower K OW ; 254 perhaps due to the association with surfactant, the ratio of BDE47:BDE99 increases the relative 255 Technical Officer 2008). Therefore, it has been calculated that 4.9 g ΣPBDEs enter the WWTP 290 daily, or 1.8 kg annually. It is estimated that the total amount of PBDEs that are released into the 291 ocean is 6.9 g per year (secondary effluent). This is significantly lower than the US reports of 292 900 g of ΣPBDE released per day into the surrounding ocean (North, 2004 ). There are a number 293 of factors that may influence this discrepancy, such as the source of wastewater, the size of the 294 WWTP and the efficiency of the WWTP process. The annual release of PBDEs was largely 295 associated with biosolids (>99%) and it is estimated that 7.6 kg are disposed of in this manner, 296 which is substantially higher than the calculated PBDEs in-flow (1.8 kg). This observation is 297 unusual and it is possible that PBDEs are introduced during wastewater treatment (i.e. 298 flocculation) or sewage sludge stabilization. It is estimated that Australia produces 3.6 × 10 8 kg 299 of sewage sludge annually (Gale, 2007) and the average ΣPBDE concentration in biosolids 300 observed will be used to estimated a minimum PBDEs burden associated with sewage sludge 301 annually in Australia. Assuming that all sludge in Australia carry a similar burden of PBDEs 302 equal to or greater than that observed (mean ΣPBDE sludge concentration of 300 µg kg -1 dw), 303 then the amount of ΣPBDE associated with Australian sewage sludges annually is at least 110 kg, 304 which is similar to the German annual estimate of 500 kg (Knoth et al., 2007) 
